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1
HYDROGEN DISPENSING PROCESS AND
SYSTEM

PRIORITY CLAIM

The present application which is a 371 application of
PCT/EP2012/054081 which claims priority from PCT/
EP2012/054081, filed 9 Mar. 2012, which claims priority
from U.S. provisional application 61/451,773, filed 11 Mar.
2011, which is incorporated herein by reference.

FIELD OF THE INVENTION

This invention relates to a process for dispensing hydro-
gen and a system for dispensing hydrogen.

BACKGROUND OF THE INVENTION

In recent years, there has been a great deal of interest in
the development of alternative energy sources, or energy
carriers, such as hydrogen. Automobiles and other vehicles
that use hydrogen as a fuel source have been developed, but
methods for refuelling these vehicles that can compete with
gasoline fuelling stations on scale or cost have not yet been
developed. Gasoline refuelling methods are very simple and
typically only consist of providing gasoline from a tank for
storing the gasoline via one or more pumps to the vehicle
fuel tank. Hydrogen refuelling, in particular high pressure
gaseous hydrogen refuelling, is more complicated. One
phenomenon that complicates gaseous hydrogen refuelling
is that the temperature in the vehicle tank increases during
gaseous hydrogen refuelling. The temperature increase is
due to the thermodynamic phenomenon of gas heating once
it is converted from a flowing gas to a static gas in the
vehicle tank. Generally, the vehicle hydrogen tank is only
certified to a maximum of 85° C. To ensure the temperature
in the vehicle tank stays below the maximum certified
temperature, the gaseous hydrogen is required to cool to
approximately —40° C., prior to dispensing it to the vehicle,
i.e. in case of the hydrogen is provided at 700 bar.

One option, which has been developed, is to cool or
pre-cool the gaseous hydrogen using a refrigeration based
heat exchanger system. However, these systems, in particu-
lar the refrigeration system, are expensive, have long
response times and involve many moving parts making their
maintenance intensive. A second approach, which has been
suggested, is to use a liquid nitrogen-based cooling.
Although, such an approach shortens the response times
considerably, it is expensive and introduces an infrastructure
problem, related to the delivery and storage of liquid nitro-
gen at the refuelling station. In addition it is difficult to scale
up. A third approach relies on a slow refuelling process that
allows the heat to dissipate during the refuelling process.
However, this leads to very long refuelling times.

To provide a suitable hydrogen dispensing system, the
system must be fast, while being much simpler and cheaper.
In addition, the maintenance requirements and energy use
must be reduced to make hydrogen fuelling stations a viable
alternative to gasoline stations.

SUMMARY OF THE INVENTION

It has now been found that an energy efficient and fast
pre-cooling of gaseous hydrogen can be accomplished by
providing the gaseous hydrogen from the large gaseous
hydrogen storage vessel to a smaller intermediate vessel and
subsequently cooling the gaseous hydrogen using the
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inverse thermodynamic phenomenon that causes the hydro-

gen to heat in the vehicle tank prior to providing the

hydrogen to the hydrogen tank of a vehicle.

Accordingly, the present invention provides a process for
dispensing gaseous hydrogen, comprising the steps of:

a) providing a first vessel comprising a first quantity of
gaseous hydrogen at a pressure in the range of from 350
to 1000 bar absolute and a temperature in the range of
from -20° C. to 50° C.;

b) passing in the range of from 40 to 100 wt %, based on the
weight of the first quantity, of the first quantity of gaseous
hydrogen from the first vessel through an isenthalpic
valve to obtain a cold second quantity of gaseous hydro-
gen having a temperature in the range of from -100 to
-20° C.; and

¢) dispensing the cold second quantity of gaseous hydrogen
to a second vessel.

The process according to the present invention does not
require the use of a refrigeration system or liquid nitrogen
thereby reducing the energy cost, maintenance and infra-
structure requirements.

In another aspect, the invention provides a system for
dispensing gaseous hydrogen, comprising:

a first vessel, suitable to contain at least pressurised
gaseous hydrogen at a pressure above 250 bar absolute
having an inlet and an outlet for gaseous hydrogen;

a gaseous hydrogen dispenser having an inlet and an
outlet for gaseous hydrogen;

means for providing gaseous hydrogen from the outlet of
the first vessel to the inlet of the gaseous hydrogen
dispenser; and

an isenthalpic valve suitable for controlling a flow of
gaseous hydrogen,

wherein the isenthalpic valve is or is a part of outlet for

gaseous hydrogen of the first vessel or is located in the

means for providing gaseous hydrogen from the first vessel
to the gaseous hydrogen dispenser.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a schematic representation of a system
according to the invention.

FIG. 2 provides another schematic representation of a
system according to the invention.

DETAILED DESCRIPTION OF THE
INVENTION

The invention described herein provides a process for
dispensing gaseous hydrogen. In the process according to
the invention gaseous hydrogen is cooled prior to being
dispensed to the fuel tank of a vehicle. It is known that
during the refuelling of a gaseous hydrogen tank, the tem-
perature in the tank increases. Without wishing to be bound
to any particular theory, it is believed that this temperature
increase is related to the thermodynamics of the refuelling
process. During refuelling, a thermodynamic conversion of
the thermodynamic work of the flowing hydrogen exiting
the nozzle of the gaseous hydrogen dispenser into internal
energy of the static hydrogen in the vehicle tank will occur.

In a typical conventional refuelling process, i.e. a con-
ventional process for dispensing gaseous hydrogen, when
the gaseous hydrogen is delivered to a vehicle’s hydrogen
tank its thermodynamic state changes from a gas in motion
to a stationary or static gas, while the enthalpy of the
hydrogen gas remains constant. With the enthalpy (H) of the
gaseous hydrogen being defined as the sum of the internal
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energy of the system (U) plus the product of its volume
multiplied by the pressure exerted on it by its surroundings
(PV, also referred to as work), the PV energy of the moving
gaseous hydrogen is converted into internal energy U of the
stationary gaseous hydrogen. This conversion is observed as
a higher gas temperature in the tank, under the condition that
the refuelling of the vehicle tank is an adiabatic process, i.e.
no energy transferred to the vehicle tank itself and no work
(PV) is done by the gaseous hydrogen in the tank. Further
background of the described thermodynamic effects can be
found for instance in Cengel et al., Thermodynamics: An
Engineering Approach, William C Brown Pub, 3¢ ed, 1997,
pages 220-229.

Theoretically, this thermodynamic conversion may result
in a temperature increase of the gaseous hydrogen of up to
100° C. and higher depending on the pressure of the gaseous
hydrogen. In practice, there will be a pressure drop between
the nozzle of the gaseous hydrogen dispenser and the vehicle
tank and the refilling process is not entirely adiabatic as
some heat transfer from the gaseous hydrogen to the tank
walls will mitigate part of the temperature rise. However,
these effects only have a minor effect on the temperature rise
of the gaseous hydrogen as it is passed into the hydrogen
tank.

The present invention uses the inverse thermodynamic
effect as described herein above. Gaseous hydrogen is first
cooled using the inverse thermodynamic effect and subse-
quently passed to the hydrogen tank of a vehicle, wherein
the temperure of gaseous hydrogen is increased as described
herein above.

In the process according to the present invention, in step
(a) a first vessel is provided comprising a first quantity of
gaseous hydrogen. Reference herein to the first quantity is to
a quantity measured in weight units. Preferably, the first
quantity of gaseous hydrogen is sufficient to refuel at least
one hydrogen tank of a vehicle. More preferably, the first
quantity is in the range of from 1 to 3, even more preferably
1.1 to 2 times the weight capacity of the hydrogen tank of
a vehicle to be refuelled. When the vehicle is a normal car,
the capacity of the hydrogen tank may be in the range of
from 3 to 7 kg of hydrogen. In case the vehicle is a bus or
a truck the capacity of the hydrogen tank may be as large as
in the range of from 4 to 15 kg of hydrogen.

The pressure of the first quantity of gaseous hydrogen in
the first vessel is in the range of 350 to 1000 bar absolute,
more preferably, 360 to 850 bar absolute. The exact choice
of the pressure in the first vessel will be based on the
required pressure at which the hydrogen is dispensed to the
hydrogen tank of the vehicle. Preferably, the pressure in the
first vessel is 0.1 to 150 bar, more preferably 0.15 to 35 bar
higher than the dispensing pressure, to provide a driving
force for flowing the hydrogen toward the hydrogen tank of
a vehicle. The temperature of the first quantity of gaseous
hydrogen in the first vessel is in the range of from -20° C.
to 50° C., more preferably 0° C. to 35° C. Preferably, the
temperature is equal or close to temperature outside of the
vessel. For instance, if the first vessel is located above
surface, the temperate is preferably the ambient temperature.
Ifthe if the first vessel is located subsurface, the temperature
is preferably the subsurface temperature.

In step (b) of the process, in the range of from 40 to 100
wt %, based on the total weight of the first quantity of
gaseous hydrogen of the first quantity of gaseous hydrogen,
is passed from the first vessel through an isenthalpic valve,
and is dispensed to a second vessel in step (c). Preferably,
the second vessel is a hydrogen tank of a vehicle.
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An isenthalpic valve is also known as a Joule-Thompson
valve or an adiabatic valve. By passing at least part of the
first quantity of gaseous hydrogen through the isenthalpic
valve, the temperature of the gaseous hydrogen deceases due
to the conversion of internal energy to work (PV). However,
due to the nature of the thermodynamic phenomena and the
high thermal conductivity of the pressurised gaseous hydro-
gen, not only the hydrogen that passes through the isen-
thalpic valve, but also the hydrogen that remains in the first
vessel is cooled. Should only a small fraction of the first
quantity of gaseous hydrogen be passed through the isen-
thalpic valve, the cooling effect is only small as the whole
first quantity contributes to the cooling, i.e. the internal
energy (U) required to be converted to work (PV) of the
small fraction is provided by all the hydrogen in the first
fraction. Nonetheless, as this relative small fraction is passed
into the hydrogen tank of the vehicle the temperature
increase will be high as only a small fraction will reheat as
the work (PV) is converted back into internal energy (U). As
a result, the temperature increase may be significantly larger
than the temperature decrease caused by passing the hydro-
gen through the isenthalpic valve. This is why the effect to
the thermodynamic conversion of internal energy of the
hydrogen to work of the flowing hydrogen is not effectively
seen in a conventional hydrogen refuelling station. In such
a hydrogen refuelling station, a relatively small quantity of
gaseous hydrogen is supplied directly from the typically
very large gaseous hydrogen storage vessel directly to the
vehicle tank. As a result, the hydrogen in the whole large
gaseous hydrogen storage is cooled, but due to the large
volume, the temperature reduction is minimal.

By passing at least 40 wt % of the first quantity of gaseous
hydrogen through the isenthalpic valve, sufficient cooling is
achieved to ensure that the final temperature of the gaseous
hydrogen in the second vessel, preferably a hydrogen tank of
a vehicle, is within the required ranges.

Preferably, in the range of from 50 to 99 wt %, more
preferably of from 75 to 98.5 wt %, based on the total weight
of the first quantity of gaseous hydrogen of the first quantity
of gaseous hydrogen, is passed from the first vessel through
the isenthalpic valve, to further ensure sufficient cooling of
the gaseous hydrogen to be dispensed. The cold gaseous
hydrogen obtained by passing at least part of first quantity of
gaseous hydrogen through the isenthalpic valve is referred to
as the cold second quantity of gaseous hydrogen. The cold
second quantity of gaseous hydrogen has a temperature in
the range of from -100 to -20° C.

In step (c) of the process, the cold second quantity of
gaseous hydrogen is dispensed to a second vessel, preferably
a hydrogen tank of a vehicle. As the cold gaseous hydrogen
is stored in the second vessel, its temperature will increase
again as described herein above. However, due to the
lowered starting temperature of the cold second quantity, the
final temperature of the gaseous hydrogen in the second
vessel will also be lower than expected with cooling the first
quantity.

Following step (c), the first vessel may be refilled to
replace the gaseous hydrogen that was dispensed in step (c).
Preferably, therefore, the process further comprises a step
(d). In step (d) further gaseous hydrogen is provided to the
first vessel to replace the hydrogen which was passed
through the isenthalpic valve in step (b) and dispensed in
step (¢).

The further gaseous hydrogen may be provided from any
source of hydrogen including a gaseous hydrogen storage
vessel, a gaseous hydrogen pipeline or pipeline infrastruc-
ture or from hydrogen generation processes including but
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not limited to an electrolysis process, oxidation or partial
oxidation process, steam reforming process. Preferably, the
further gaseous hydrogen is provided from a gaseous hydro-
gen storage vessel or a gaseous hydrogen pipeline or pipe-
line infrastructure, as these can provide a constant supply of
hydrogen.

The further gaseous hydrogen may be provided to the first
vessel through a pump or a compressor. In the case, where
the pressure of the further hydrogen is too low, it may be
compressed to increase the pressure using for instance a
compressor.

Preferably, during step (b) no further hydrogen is pro-
vided to the first vessel.

As described herein above, during step (b) not only the
gaseous hydrogen, which is passed through the isenthalpic
valve is cooled by the conversion of internal energy (U) to
work (PV), but also any gaseous hydrogen that remains in
the first vessel is cooled to the same temperature. This
remaining cold gaseous hydrogen may be used to, at least
partially, eliminate or reduce any temperature increases that
may be experienced when providing the further gaseous
hydrogen to the first vessel. Preferably, in the range of from
0.1 to 60 wt %, based on the total weight of the first quantity
of gaseous hydrogen, of the first quantity of gaseous hydro-
gen remains in the first vessel during step (b), more prefer-
ably of from 1 to 50 wt %, even more preferably 1.5 to 25
wt %, based on the total weight of the first quantity of
gaseous hydrogen. Should nevertheless, during step (d), the
temperature in the first vessel increase above the preferred
temperature range as provided in step (a) of the process
according to the invention, it may be necessary to cool the
further gaseous hydrogen. In that case preferably step (d)
further comprises cooling the further gaseous hydrogen,
more preferably cooling the further gaseous hydrogen to a
temperature in the range as defined in step (a). The further
hydrogen may be cooled prior to entering the first vessel,
however, preferably it is cooled inside the first vessel.

Preferably, the further hydrogen is cooled by heat
exchange with a medium outside, preferably surrounding,
the first vessel. Preferably, such a medium is air or, in case
the first vessel is located subsurface, soil. By locating the
first vessel subsurface, a relatively constant temperature of
surrounding medium, typically soil, is provided while the
footprint is reduced, therefore it is preferred to locate the
first vessel subsurface.

To ensure, a good heat exchange between the gaseous
hydrogen in the first vessel and the medium outside of the
first vessel, it is preferred that the first vessel provides good
heat exchange properties. In one embodiment, the first
vessel will comprise a metal wall or walls, preferably, a
steel, stainless steel or aluminium wall(s). Less preferred,
but possible, are first vessels that are insulated. Insulted
vessels will not allow a good transfer of heat from the
gaseous hydrogen inside the first vessel to the surrounding
medium. However, insulated vessels will help in retaining
cooling provided by evacuation during the dispensing phase.

In addition, it is possible to provide further cooling means
to actively cool the further hydrogen.

Preferably, the first vessel has a capacity for gaseous
hydrogen in the range of from 2 to 30 kg, more preferably
3 to 15 kg of gaseous hydrogen. Limiting the capacity of the
first vessel benefits the cooling effectuated in step (b) of the
process, but also benefits any cooling of further hydrogen
provided in preferred step (d).

Following step (d), the process may be continued by
initiating a new sequence of step (a) to (c), preferably (a) to
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The process may be operated by providing more than one
first vessel in parallel, preferably operated such that a
constant supply of cold gaseous hydrogen is available for
dispensing.

The present invention further provides a system for dis-
pensing gaseous hydrogen. The system according to the
invention is further described herein below, with reference to
FIG. 1.

The system for dispensing gaseous hydrogen according to
the present invention comprises a first vessel 10, having an
inlet 15 for gaseous hydrogen and an outlet 20 for gaseous
hydrogen. The first vessel is a vessel suitable to contain
pressurised gaseous hydrogen at pressures above 250 bar
absolute, preferably in the range of from 350 to 1000 bar
absolute.

The system further comprises a gaseous hydrogen dis-
penser 25, having an inlet 30 for gaseous hydrogen and an
outlet 35 for gaseous hydrogen, preferably outlet 35 is
suitable for providing cold pressurised gaseous hydrogen to
a second vessel, preferably second vessel is the hydrogen
tank 39 of vehicle 40. Preferably, the dispenser is at least
partly insulted to prevent any heating the gaseous hydrogen.

The system comprises a means 45 to provide gaseous
hydrogen from the outlet 20 of first vessel 10 to the inlet 30
of dispenser 25. The means 45 may be for instance be a
conduit, pipe or hose, and is suitable to withstand tempera-
tures as low as —=50° C., preferably —100° C. Preferably, the
means 45, e.g. a conduit, pipe or hose, is at least partly
insulated to prevent any heating of gaseous hydrogen in the
means.

Insulating the dispenser 25 and/or the means 45 prevents
that the gaseous hydrogen is heated while being provided
from the first vessel 10 to dispenser 25 and ultimately the
hydrogen tank of a vehicle that is being refuelled. An
increase of the temperature of the gaseous hydrogen will
result in a higher final temperature of the hydrogen in the
hydrogen tank of the vehicle when the refuelling procedure
has ended.

The system also comprises a valve, preferably isenthalpic,
50, suitable for controlling a flow of gaseous hydrogen, in
particular the flow of hydrogen passing from the first vessel
10 to the dispenser 25. Isenthalpic valve 50 is located in the
means 45 for providing gaseous hydrogen from the first
vessel to the gaseous hydrogen dispenser or, preferably,
isenthalpic valve 50 is or is a part of outlet 20 of first vessel
10. When isenthalpic valve 50 is located in means 45, it is
preferably located close to outlet 20 of the first vessel. As
isenthalpic valve 50 is opened, any gaseous hydrogen in first
vessel 10 undergoes a thermodynamic transition from a
static state to being in motion. As a result the temperature of
the gaseous hydrogen decreases.

The system may comprise a source of gaseous hydrogen
suitable to provide gaseous hydrogen to the first vessel 10.
In a preferred embodiment, the system further comprises a
means 100 for providing gaseous hydrogen to the inlet 15 of
the first vessel. The means 100 may be for instance be a
conduit, pipe or hose, and is suitable to hold pressurised
gaseous hydrogen. Preferably, a valve 105 is provided
suitable for controlling a flow of gaseous hydrogen to halt
the flow of gaseous hydrogen to the first vessel 10, when it
is full. Preferably, such a valve 105 is or is part of inlet 15
for gaseous hydrogen of the first vessel 10 or is located in the
means 100 for providing gaseous hydrogen to the first vessel
10.

In a preferred embodiment of the system as shown in FI1G.
2, the system further comprises a gaseous hydrogen storage
vessel 150, comprising at least an outlet for gaseous hydro-
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gen 155. Preferably, means 105 is used to provide the
gaseous hydrogen from the outlet 155 of storage vessel 150
to the inlet 15 of the first vessel 10.

Gaseous hydrogen storage vessel 150 may be a single
vessel or may comprise a cascade of several hydrogen
storage vessels.

In another preferred embodiment (not shown in FIG. 1)
the hydrogen is provided by a gaseous hydrogen pipeline or
pipeline infrastructure.

If required, a pump or compressor 175 may be provided
in means 100. The pump or compressor 175 may be used to
provide and optionally pressurise the gaseous hydrogen
provided from the outlet 155 of storage vessel 150 to the
inlet 15 of the first vessel 10.

As described herein above when discussing the process, it
may be preferred that the first vessel allows for a heat
exchange between gaseous hydrogen inside the first vessel
and the medium surrounding the first vessel. Therefore,
preferably the first vessel comprises walls having a high
thermal conductivity, preferably metal walls, more prefer-
ably, aluminium, steel or stainless steel walls, or a combi-
nation thereof.

Preferably, the first vessel 10 is in heat exchange contact
with a heat exchange medium, such a for instance air. More
preferably, the first vessel is located subsurface, beneath
surface 200, and in heat exchange contact with the soil 205.
This not only reduces the footprint of the system, but the soil
also provides a good medium to cool the gaseous hydrogen
against, having a relative constant temperature and a high
heat capacity.

To be able to use the inverse thermodynamic effect, as
described herein above for the process, as efficient as
possible, it is preferred that the capacity of the first vessel is
limited. Reference herein to capacity is to a capacity based
on weight of the gaseous hydrogen. Preferably, the capacity
of the first vessel is in the range of from 2 to 30 kg of
hydrogen, more preferably 3 to 15 kg of hydrogen.

Preferably, in case the system comprises a storage vessel
for gaseous hydrogen, the capacity of first vessel is much
smaller than the capacity of storage vessel 150, i.e. the
capacity of the single vessel of the cumulative capacity of
the cascade of storage vessels. Preferably, the capacity of the
first vessel is no more than 10% (wt/wt) of the capacity of
the storage vessel, based on the capacity of the storage
vessel, more preferably the first vessel has a capacity of in
the range of from 0.01 to 10% (wt/wt), even more preferably
of from 0.02 to 5% (wt/wt), still more preferably of from
0.03 to 1% (wt/wt) of the capacity of the storage vessel,
based on the capacity of the storage vessel.

With reference to FIG. 2, the system may comprise more
than one first vessel 10a-f, with corresponding isenthalpic
valves 50a-f'and inlet valves 105a-f. In addition, the system
may comprise more than one dispenser 25a and 25b. This
allows several vehicles to be refuelled at the same time. By
providing more than one first vessel per dispenser, several
vehicles 40a and 405 can continuously and sequentially be
refuelled by a single dispenser with short inter-vehicle time
intervals. It will be appreciated that the number of first
vessels, the number of dispensers and number of first vessels
per dispenser can be selected as required.

What is claimed is:
1. A process for dispensing gaseous hydrogen, comprising
the steps of:
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a) providing a first vessel comprising a first quantity of
gaseous hydrogen at a pressure in the range of from 350
to 1000 bar absolute and a temperature in the range of
from -20° C. to 50° C.;

b) passing in the range of from 40 to 100 wt %, based on
the weight of the first quantity, of the first quantity of
gaseous hydrogen from the first vessel through an
isenthalpic valve to obtain a cold second quantity of
gaseous hydrogen having a temperature in the range of
from -100 to -20° C.;

¢) dispensing the cold second quantity of gaseous hydro-
gen to a second storage vessel; and

d) providing further gaseous hydrogen to the first vessel
to replace the hydrogen which was dispensed in step
(c);

wherein the first vessel has a hydrogen capacity in the
range of from 3 to 15 kg of hydrogen and during step
(b) no further hydrogen is provided to the first vessel.

2. A process according to claim 1, wherein step (d) further
comprises cooling the further gaseous hydrogen to a tem-
perature in the range as defined in step (a) of claim 1.

3. A process according to claim 1, wherein the second
storage vessel is a hydrogen fuel tank of a vehicle.

4. A process according to claim 1, wherein the further
gaseous hydrogen is provided from a gaseous hydrogen
storage vessel or from a pipeline.

5. A system for dispensing gaseous hydrogen, comprising:

a gaseous hydrogen storage vessel or a gaseous hydrogen
pipeline comprising an outlet for gaseous hydrogen;

a first vessel, suitable to contain at least pressurised
gaseous hydrogen in the range of from 3 to 15 kg at a
pressure above 250 bar absolute having an inlet and an
outlet for gaseous hydrogen;

means for providing gaseous hydrogen from the outlet of
the hydrogen storage vessel or hydrogen pipeline to the
inlet of the first vessel;

a valve suitable for controlling a flow of gaseous hydro-
gen which is or is part of the inlet for gaseous hydrogen
of the first vessel or is located in the means for
providing gaseous hydrogen to the first vessel;

a gaseous hydrogen dispenser having an inlet and an
outlet for gaseous hydrogen;

an isenthalpic valve suitable for controlling a flow of
gaseous hydrogen; and

means for providing gaseous hydrogen from the outlet of
the first vessel to the inlet of the gaseous hydrogen
dispenser;

wherein the isenthalpic valve is or is a part of the outlet
for gaseous hydrogen of the first vessel or is located in
the means for providing gaseous hydrogen from the
first vessel to the gaseous hydrogen dispenser; and

wherein the means for providing gaseous hydrogen from
the first vessel to the gaseous hydrogen dispenser is at
least partly insulated.

6. A system according to claim 5, wherein the first vessel
is located subsurface and comprises a wall having a high
thermal conductivity which is in heat exchange contact with
a heat exchange medium.

7. A system according to claim 6, wherein the wall having
a high thermal conductivity is a metal wall.

8. A system according to claim 7 wherein the metal is
selected from the group consisting of aluminium, steel,
stainless steel or a combination thereof.

9. A system according to claim 6, wherein the heat
exchange medium is the soil.
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